Neuromelanin-sensitive MRI (NM-MRI) purports to detect the content of neuromelanin (NM), a product of dopamine metabolism that accumulates with age in dopamine neurons of the substantia nigra (SN). Interindividual variability in dopamine function may result in varying levels of NM accumulation in the SN; however, the ability of NM-MRI to measure dopamine function in nonneurodegenerative conditions has not been established. Here, we validated that NM-MRI signal intensity in postmortem midbrain specimens correlated with regional NM concentration even in the absence of neurodegeneration, a prerequisite for its use as a proxy for dopamine function. We then validated a voxelwise NM-MRI approach with sufficient anatomical sensitivity to resolve SN subregions. Using this approach and a multimodal dataset of molecular PET and fMRI data, we further showed the NM-MRI signal was related to both dopamine release in the dorsal striatum and resting blood flow within the SN. These results suggest that NM-MRI signal in the SN is a proxy for function of dopamine neurons in the nigrostriatal pathway. As a proof of concept for its clinical utility, we show that the NM-MRI signal correlated to severity of psychosis in schizophrenia and individuals at risk for schizophrenia, consistent with the well-established dysfunction of the nigrostriatal pathway in psychosis. Our results indicate that noninvasive NM-MRI is a promising tool that could have diverse research and clinical applications to investigate in vivo the role of dopamine in neuropsychiatric illness. magnetic resonance imaging | dopamine | neuromelanin | schizophrenia | Parkinson's disease I n vivo measurements of dopamine activity are critical for understanding how this key neuromodulator contributes to cognition, neurodevelopment, aging, and neuropsychiatric disease in humans. In medicine, such measurements may result in objective biomarkers that predict clinical outcomes in dopamine-related illness, including Parkinson's disease (PD) and psychotic disorders, ideally by using techniques that capture the underlying pathophysiology while being easy to acquire in clinical settings (1). Here, we conducted a series of validation and proof-ofconcept studies to test whether noninvasive, neuromelaninsensitive MRI (NM-MRI) of the midbrain can provide a proxy marker for activity of midbrain dopamine neurons and capture important pathophysiological phenotypes associated with dysfunction of these neurons.
Neuromelanin-sensitive MRI (NM-MRI) purports to detect the content of neuromelanin (NM), a product of dopamine metabolism that accumulates with age in dopamine neurons of the substantia nigra (SN). Interindividual variability in dopamine function may result in varying levels of NM accumulation in the SN; however, the ability of NM-MRI to measure dopamine function in nonneurodegenerative conditions has not been established. Here, we validated that NM-MRI signal intensity in postmortem midbrain specimens correlated with regional NM concentration even in the absence of neurodegeneration, a prerequisite for its use as a proxy for dopamine function. We then validated a voxelwise NM-MRI approach with sufficient anatomical sensitivity to resolve SN subregions. Using this approach and a multimodal dataset of molecular PET and fMRI data, we further showed the NM-MRI signal was related to both dopamine release in the dorsal striatum and resting blood flow within the SN. These results suggest that NM-MRI signal in the SN is a proxy for function of dopamine neurons in the nigrostriatal pathway. As a proof of concept for its clinical utility, we show that the NM-MRI signal correlated to severity of psychosis in schizophrenia and individuals at risk for schizophrenia, consistent with the well-established dysfunction of the nigrostriatal pathway in psychosis. Our results indicate that noninvasive NM-MRI is a promising tool that could have diverse research and clinical applications to investigate in vivo the role of dopamine in neuropsychiatric illness. magnetic resonance imaging | dopamine | neuromelanin | schizophrenia | Parkinson's disease I n vivo measurements of dopamine activity are critical for understanding how this key neuromodulator contributes to cognition, neurodevelopment, aging, and neuropsychiatric disease in humans. In medicine, such measurements may result in objective biomarkers that predict clinical outcomes in dopamine-related illness, including Parkinson's disease (PD) and psychotic disorders, ideally by using techniques that capture the underlying pathophysiology while being easy to acquire in clinical settings (1) . Here, we conducted a series of validation and proof-ofconcept studies to test whether noninvasive, neuromelaninsensitive MRI (NM-MRI) of the midbrain can provide a proxy marker for activity of midbrain dopamine neurons and capture important pathophysiological phenotypes associated with dysfunction of these neurons.
Neuromelanin (NM) is a dark pigment synthesized via irondependent oxidation of cytosolic dopamine and subsequent reaction with proteins and lipids in midbrain dopamine neurons (2) . NM pigment accumulates inside specific autophagic organelles, which contain NM-iron complexes, along with lipids and various proteins (3, 4) . NM-containing organelles accumulate gradually over the lifespan in the soma of dopamine neurons in the substantia nigra (SN) (2, 4) , a nucleus that owes its name to its dark appearance due to the high concentration of NM, and are only cleared from tissue following cell death through the action of microglia, as in neurodegenerative conditions such as PD (5, 6) . Given that NM-iron complexes are paramagnetic (6, 7) , they can be imaged using MRI (8) (9) (10) (11) . A family of MRI sequences, known as NM-MRI, captures groups of neurons with high NM content, such as those in the SN, as hyperintense regions (8, 9) . NM-MRI signal is reliably decreased in the SN of patients with PD (8, 10, (12) (13) (14) (15) , consistent with the degeneration of NM-positive SN dopamine cells (16) and with the decrease in NM concentration in postmortem SN tissue of PD patients compared with age-matched controls (17) . While this evidence supports the use of NM-MRI for in vivo detection of SN neuron loss in neurodegenerative illness, direct demonstrations that this MRI technique is sensitive to regional variability in NM concentration even in the absence of neurodegenerative SN pathology are lacking. Furthermore, although induction of dopamine synthesis via L-dopa administration is known to induce NM accumulation in rodent SN cells (18, 19) , and although prior work assumed that NM-MRI signal in the SN indexes dopamine neuron function in humans (20, 21) , direct evidence is lacking to support the assumption that interindividual differences in dopamine function could lead to MRI-detectable differences in NM accumulation. Critically, such evidence is necessary to support Significance Neuromelanin-sensitive MRI (NM-MRI) purports to detect the content of neuromelanin (NM), a product of dopamine metabolism that accumulates in the substantia nigra (SN). Prior work has shown that NM-MRI provides a marker of SN integrity in Parkinson's disease. Here, we show that it may additionally provide a marker of dopamine function in the human nigrostriatal pathway. Supporting this, we found that NM-MRI signal correlated with NM concentration, dopamine levels in the striatum, SN blood flow, and severity of psychosis in schizophrenia, all in the absence of neurodegeneration. Thus, noninvasive NM-MRI is a promising tool that could have diverse research and clinical applications to investigate in vivo the role of dopamine in neuropsychiatric illness.
the utility of NM-MRI for psychiatric and neuroscientific applications beyond those related to neurodegenerative illness.
To support extending the use of NM-MRI for such applications, we present a series of validation studies. A first necessary step was to show that NM-MRI is sensitive enough to detect regional variability in tissue concentration of NM, which presumably depends on interindividual and interregional differences in dopamine function (including synthesis and storage capacity), and not just to loss of NM-containing neurons due to neurodegeneration. To test this, we compared MRI measurements to neurochemical measurements of NM concentration in postmortem tissue without neurodegenerative SN pathology. Because variability in dopamine function may not occur uniformly throughout all SN tiers (22) (23) (24) (25) (26) , the next necessary step was to show that NM-MRI, which has high anatomical resolution compared with standard molecular-imaging techniques, has sufficient anatomical specificity. To this end, we used NM-MRI in its established role as a marker of degeneration in PD to test the ability of a voxelwise approach to capture the known topographical pattern of cell loss within the SN in the illness (27, 28) . The critical next step was then to provide direct evidence for a relationship between NM-MRI and dopamine function using the voxelwise approach. To test this, we correlated NM-MRI signal to a well-validated PET measure of dopamine release into the striatum-the main projection site of SN neurons-and to a fMRI measure of regional blood flow in the SN, an indirect measure of activity in SN neurons, in a group of individuals without neurodegenerative illness. Finally, we tested a potential application of NM-MRI for nonneurodegenerative psychiatric illness [i.e., illness without known neurodegeneration at the cellular level (24, 29)]: we used this technique in unmedicated patients with schizophrenia and individuals at clinical high risk (CHR) for psychosis to test the ability of NM-MRI to capture a psychosis-related functional phenotype consisting of nigrostriatal dopamine excess.
Results

Validation of NM-MRI as a Proxy Measure of Dopamine Function.
Relationship to NM concentration in postmortem midbrain tissue. We first set out to test whether NM-MRI is sensitive to variation in NM tissue concentration at levels found in individuals without major neurodegeneration of the SN, a prerequisite for its use as a marker of interindividual variability in dopamine function in healthy and psychiatric populations. To this end, we validated it against gold-standard measures of NM concentration by scanning SN-containing midbrain sections from seven individuals without histopathology compatible with PD or PD-related syndromes (including absence of Lewy bodies composed of abnormal protein aggregates) using a NM-MRI sequence. After scanning, each specimen was dissected along gridline markings into 13-20 grid sections (Methods). In each grid section, we measured tissue concentration of NM using biochemical separation and spectrophotometry determination and also calculated the averaged NM-MRI contrast-to-noise ratio (CNR) across voxels within the grid section ( Fig. 1 A-D) . Across all midbrain specimens, grid sections with higher NM-MRI CNR had higher tissue concentration of NM (β 1 = 0.56, t 114 = 3.36, P = 0.001, mixed-effects model; 116 grid sections, seven specimens: Fig. 1 E and F; see SI Appendix for statistical methods). As expected, hyperintensities were most apparent in grid sections corresponding with the NM-rich SN. However, similar to in vivo NM-MRI images (Figs. 2 and 3), posterior-medial regions of the midbrain around the periaqueductal gray (PAG) area tended to appear hyperintense despite relatively low concentrations of NM. Although we could not account for the source of this hyperintensity, controlling for the presence of PAG in grid sections (PAG content) improved the correspondence of NM-MRI CNR to NM concentration in non-PAG regions (β 1 = 1.03, t 112 = 5.51, P = 10 −7 ). Under this model, a 10% increase in NM-MRI CNR corresponds with an estimated increase of 0.10 μg of NM per mg of tissue.
The relationship between NM-MRI CNR and NM concentration remained (β 1 = 0.45, t 111 = 2.15, P = 0.034) in an extended model controlling for the proportion of SN voxels within each Dye gridlines were applied to the specimen (C) using the grid insert (shown in the dish in C, Inset) as a stamp. These gridlines were used to dissect the specimen into grid sections. NM-MRI CNR measurements were averaged in the same grid sections after image processing (D grid section (and again for PAG content). This latter result suggests that NM-MRI CNR explains variance in NM concentration in the SN and surrounding areas beyond that explained simply by the increase in both measures in SN compared with non-SN voxels, an increase that would be expected even if NM-MRI could only localize the SN without measuring regional NM concentration. These results thus indicate that NM-MRI signal corresponds to regional tissue concentration of NM, particularly in the midbrain region surrounding the SN, the region our subsequent in vivo studies focused on. All results held after excluding one specimen in which the neuropathological examination found decreased neuronal density in the SN despite lack of evidence for PD-related pathology (extended model: β 1 = 0.46, t 96 = 2.20, P = 0.030), further confirming that the relationship between NM-MRI and NM concentration was not driven by reduced cell counts. Validation of voxelwise approach. Having shown that NM-MRI measures regional concentration of NM in and around the SN, we then aimed to establish whether regional differences in NM-MRI signal capture biologically meaningful variation across anatomical subregions within the SN. This was necessary for our ultimate objective of using this tool to interrogate dopamine function, since the heterogeneity of cell populations in the SN (22) (23) (24) (25) (26) suggests that dopamine function may differ substantially between neuronal tiers projecting to ventral striatum, dorsal striatum, or cortical sites. We reasoned that a voxelwise analysis within the SN may be sensitive to processes affecting specific subregions or likely discontiguous neuronal tiers within the SN (23) (see Fig. 2 and SI Appendix, Fig. S1 for information regarding spatial normalization and anatomical masks used in voxelwise analyses). Supporting the feasibility of this approach, the majority of individual SN voxels exhibited good-to-excellent test-retest reliability (SI Appendix, Fig. S2 ), extending similar demonstrations at the region level (30) . To test the anatomical specificity of the voxelwise NM-MRI approach, we capitalized on the well-established ability of NM-MRI to detect neurodegeneration in PD and the known topography of cell loss in the illness. Previous PD work has shown decreases in NM concentration (16, 17) and in NM-MRI signal in the whole SN (8, 15) and lateral regions of bisected SN (12) (13) (14) . Histopathological studies of the SN further support a topographical progression of PD pathology that preferentially affects lateral, posterior, and ventral subregions of SN in mild-to-moderate disease stages (27, 28) . Using NM-MRI data in 28 patients diagnosed with mild-tomoderate PD and 12 age-matched controls (see SI Appendix, Table S2 for sample characteristics), we thus tested whether a voxelwise analysis would capture this topographic pattern. PD patients had significantly lower NM-MRI CNR compared with control individuals (439 of 1,807 SN voxels at P < 0.05, robust linear regression adjusting for age and head coil; P corrected = 0.020, permutation test; peak voxel Montreal Neurological Institute (MNI) coordinates [x, y, z]: −6, −18, −18 mm; SI Appendix, Fig. S3 ). Critically, our approach was able to capture the known anatomical topography of dopamine neuron loss within the SN (27, 28) ( Fig. 3B ): larger CNR decreases in PD tended to predominate in more lateral (β jxj = −0.13, t 1,803 = −14.2, P = 10 −43 ), posterior (β y = −0.05, t 1,803 = −6.6, P = 10 −10 ), and ventral SN voxels [β z = 0.17, t 1,803 = 16.3, P = 10 −55 , multiple linear regression analysis predicting t statistic of group difference across SN voxels as a function of their coordinates in x (absolute distance from the midline), y, and z directions: omnibus F 3;1,803 = 111, P = 10 −65 ]. Relationship of NM-MRI signal to dopamine function. Having validated the anatomical sensitivity of our voxelwise approach, we then proceeded to test whether NM-MRI signal in the SN correlated with dopamine function in vivo. To that end, we used PET imaging to measure dopamine-release capacity (ΔBP ND ) as the change in binding potential of the dopamine D2/D3 receptor radiotracer [ 11 C]raclopride between baseline and following administration of dextroamphetamine (0.5 mg/kg, PO). This method measures the release of dopamine from the presynaptic sites of dopamine axons, including its vesicular and cytosolic pools (31, 32) , into striatal synapses, so it is relevant to our hypothesis that (trait-like) interindividual differences in the magnitude of these dopamine pools are a key determinant of NM accumulation (19, 31) . We collected data in a group of 18 individuals without neurodegenerative illness, which included 9 healthy controls and 9 unmedicated patients with schizophrenia. As a first approximation, to show a global relationship between NM-MRI signal and dopamine-release capacity, we performed a region-of-interest (ROI)-based correlation of mean NM-MRI CNR in the whole SN and mean ΔBP ND in the whole striatum and found that individuals with higher NM-MRI signal had greater dopamine-release capacity (Spearman ρ = 0.64, 95% CI = 0.26-0.87, P = 0.013, partial correlation adjusting for diagnosis, age, head coil, and incomplete SN coverage; Methods).
To examine subregional effects, we focused on dopamine release in the associative striatum, part of the dorsal striatum. We selected this subregion to ensure sufficient variability, as patients with schizophrenia tend to exhibit the greatest excess in dopamine release here (33) . Also, the dorsal striatum receives projections from the SN (via the nigrostriatal pathway), while the ventral striatum receives projections predominantly from the ventral tegmental area (via the mesolimbic pathway) (22, 23) , which is more difficult to visualize in NM-MRI scans due to its lower NM concentration (16) and smaller size. A voxelwise analysis was performed in which, for each subject, ΔBP ND was measured and correlated to NM-MRI CNR in the SN mask at each voxel. This revealed a set of SN voxels where NM-MRI CNR correlated positively with dopamine-release capacity in the associative striatum [225 of 1,341 (see below) SN voxels at P < 0.05, Spearman partial correlation adjusting for diagnosis, age, and head coil; P corrected = 0.042, permutation test; peak voxel MNI coordinates [x, y, z]: −1, −18, −16 mm; Fig. 4A ]. This effect exhibited a topographic distribution such that voxels related to dopamine release tended to predominate in anterior and lateral aspects of the SN (SI Appendix). This analysis was performed in a smaller SN mask (1,341 voxels) because relatively few subjects had usable data in the dorsal-most SN (SI Appendix). No interaction with diagnosis was found (P = 0.31). Significant effects were also obtained in exploratory voxelwise analyses of dopamine-release capacity in other striatal subdivisions (except the motor striatum; see SI Appendix, Table S4 ).
Relationship of NM-MRI signal to neural activity in the SN. Since the latter results indicated that individuals with higher dopamine release from nigrostriatal SN neurons had higher NM accumulation, as measured via NM-MRI, we reasoned that NM accumulation would also correlate with local trait-like tendency for increased activity in SN neurons. To test this, we used arterial spin-labeling fMRI (ASL-fMRI) to measure regional cerebral blood flow (CBF), a well-established (indirect) functional measure of neuronal activity (34-37) that captures trait-like interindividual differences in resting activity (38) . We indeed found that among 31 individuals without neurodegenerative illness (12 healthy individuals, 19 schizophrenia patients), higher CBF in the SN correlated with higher SN NM-MRI CNR. This was true in ROI analyses averaging values in SN voxels related to dopamine-release capacity ("dopamine voxels," r = 0.40, 95% CI = 0.08-0.66, P = 0.030, partial correlation controlling for age and diagnosis; Fig. 4B ) and in the whole SN (r = 0.48, 95% CI = 0.19-0.75, P = 0.008, partial correlation controlling for age, diagnosis, and incomplete SN coverage). Again, no interactions with diagnosis were found (all P > 0.7). We failed to find correlations between SN NM-MRI CNR and CBF averaged in the crus cerebri reference region (P = 0.10) or the whole-brain gray matter (P = 0.30), consistent with our hypothesis that NM accumulation is related to local activity in the SN (rather than to activity in other brain regions).
Relationship of NM-MRI to Psychosis. Psychosis is associated with excessive dopamine-release capacity and dopamine-synthesis capacity in the striatum (23, 33) in the absence of neurodegeneration of SN neurons (24, 29) . This dopamine dysfunction is particularly prominent in the associative striatum-which receives projections from discontiguous regions of dorsal and ventral SN tiers through the nigrostriatal pathway (23)-and is present in schizophrenia (33), at-risk populations for psychosis (39, 40) , and bipolar disorder (41), suggesting a dimensional relationship to psychotic symptoms rather than a specific relationship to schizophrenia or other diagnostic categories. Given this and the evidence presented above supporting that NM-MRI signal indexes dopamine function, we hypothesized that excess dopamine in SN neurons would result in more accumulation of NM [in the body of those neurons in the SN (3)] in individuals with more severe syndromal or subsyndromal psychotic symptoms (among patients with schizophrenia and among individuals at CHR for psychosis, respectively; see SI Appendix for sample characteristics and description of clinical measures). Indeed, we found that more severe (syndromal) psychotic symptoms in patients with schizophrenia (PANSS-PT scores, n = 33) and more severe attenuated (subsyndromal) psychotic symptoms in CHR individuals (SIPS-PT scores, n = 25) both correlated with higher NM-MRI CNR in overlapping SN voxels (45 voxels; P corrected = 0.00001, permutation test for conjunction effect; Fig. 5 ). This effect exhibited a topographic distribution such that psychosis-overlap voxels tended to predominate in ventral and anterior aspects of the SN (SI Appendix). Correlations between NM-MRI CNR in these psychosis-overlap voxels and severity of psychosis were specific to positive symptoms of psychosis in schizophrenia (r = 0.38, 95% CI = 0.12-0.62, P = 0.044) and CHR [r = 0.57, 95% CI = 0.35-0.78, P = 0.006, partial correlations controlling for negative-symptom scores (PANSS-NT or SIPS-NT, respectively), general-symptom scores (PANSS-GT or SIPS-GT, respectively), age, and head coil]. Based on our calibrations with measurements of NM concentration in postmortem tissue, the estimated difference of NM concentrations in the psychosis-overlap voxels between individuals with the least severe versus the most severe psychotic symptoms would be 0.38 μg/mg versus 0.67 μg/mg in schizophrenia (estimated concentrations for PANSS-PT scores of 10 versus 29) and 0.31 μg/mg versus 0.62 μg/mg in CHR (estimated concentrations for SIPS-PT scores of 9 versus 21). Although our main aim here was to identify correlates of psychosis rather than of diagnostic categories, we also compared the groups and found no significant differences between the schizophrenia and CHR groups or between either of these groups and matched healthy control groups (although highly psychotic patients did show higher NM-MRI signal than controls; see SI Appendix). This is consistent with the notion that the nigrostriatal-dopamine phenotype-at least as captured by NM-MRI-represents a dimensional correlate of psychosis rather than a categorical correlate of diagnosis.
Although we failed to find a significant overlap between psychosis-overlap voxels and those exhibiting a correlation with dopamine-release capacity in the associative striatum (6 voxels; P corrected = 0.62, permutation test for conjunction), we found a significant overlap between voxels where NM-MRI CNR correlated with psychosis in schizophrenia and voxels where NM-MRI CNR correlated with dopamine-release capacity in this striatal The scatterplot on the Right shows the correlation of resting CBF extracted from these voxels to NM-MRI CNR extracted from these same voxels (note that voxel selection is unbiased here). subregion (80 voxels; P corrected = 0.002, permutation test for conjunction). This suggests that (syndromal) psychosis relates to increased NM accumulation in portions of the SN where NM accumulation specifically reflects increased dopamine in the nigrostriatal pathway.
Discussion
We have presented data validating the use of NM-MRI as a measure of NM concentration in the SN, beyond its use as a marker of neuronal loss in neurodegenerative illness. Consistent with previous preclinical work showing that increased dopamine availability in SN dopamine neurons results in NM accumulation in the soma (18, 19) , we found that an in vivo molecular-imaging readout of dopamine function in these neurons (i.e., striatal dopamine-release capacity) correlates with NM-MRI signal in a subregion of the SN among humans without neurodegenerative illness. CBF in the same subregion of the SN also correlated with local increases of NM-MRI CNR, similarly consistent with a link between neural activity in SN and NM accumulation. Altogether, converging evidence from various experiments and different datasets strongly suggests that NM-MRI signal in the SN provides a proxy measure for function of dopamine neurons in this midbrain region, particularly in neuronal tiers of the SN that project to the dorsal striatum via the nigrostriatal pathway (22, 23) .
We believe this work represents a significant methodological advance in that we provided a validation of NM-MRI measures against a number of gold-standard and well-validated methods [including high-quality biochemical (17), PET imaging (42, 43) , and clinical measurements (44, 45) ] and developed an automated method for regional interrogation of NM-MRI signal within the SN. First, our postmortem experiment employed an approach for accurate determination of NM concentration across multiple tissue sections throughout the midbrain, which allowed us to confirm the ability of NM-MRI to measure regional concentration of NM and to calibrate the NM-MRI signal in subsequent in vivo studies, in line with previous recommendations (17) . Prior work has shown that the NM-MRI contrast mechanism in synthetic NM phantoms depends on the influence of iron-bound melanic NM components on T1relaxation time and magnetization-transfer ratio (9, 11) and that NM-MRI signal in postmortem tissue correlates with the density of NM-containing neurons in the SN (46, 47) . Our approach allowed us to build on this work by showing that the NM-MRI signal reflects the concentration of NM in tissue, rather than solely reflecting the presence or number of NMcontaining SN neurons. Because this observation was apparent in the absence of neurodegeneration of SN neurons, it opened the possibility that NM-MRI measures of NM concentration could be used as a proxy for dopamine function. Second, we developed a voxelwise method that we validated in a cohort of patients with PD, which, consistent with prior work (8, 10, (12) (13) (14) (15) , exhibited a robust reduction of SN CNR, by showing that our method further revealed a regional pattern of SN signal reduction, consistent with the known topographical pattern of neuronal loss in the disease (27, 28) . Future studies should directly test this voxelwise method against conventional analysis methods of NM-MRI to determine its ability to enhance classification of PD patients, especially at early or premanifest stages of the illness. This voxelwise method not only may increase the precision and sensitivity of NM-MRI measures but, by virtue of using a standardized space, may also minimize circularity in ROI definitions (10) and spatial variability between subjects and studies. Third, we established a correlation between NM-MRI measures against a well-validated measure of dopamine function in vivo: a PET measure of amphetamineinduced dopamine release that is thought to reflect the available pools of vesicular and cytosolic dopamine in presynaptic dopamine neurons projecting to the striatum. This measure was well-suited to build on preclinical evidence that increased availability of cytosolic dopamine drives NM accumulation (18, 19) , but future work should replicate the observed relationship between NM-MRI and this measure and examine relationships with measures of dopamine-synthesis capacity. Prior work using different PET dopamine measures in a small sample of young healthy individuals found a correlation between NM-MRI measures and dopamine D2-receptor density in the SN, but not to dopamine-synthesis capacity in the midbrain (via a dopa measure) (48) . However, such a small and homogeneous sample of young individuals is unlikely to show substantial variability in dopamine function or NM accumulation and may have thus hampered the sensitivity of this study to detect an effect, an issue that we circumvented here by including individuals with a larger age range and some with dopamine dysfunction (i.e., patients). Limitations of PET measures of dopa in the midbrain (49) could have also played a role.
By showing that NM-MRI could capture the established dopamine dysfunction associated with psychosis, we provided convergent evidence for the relationship between NM-MRI and dopamine function in the nigrostriatal pathway as well as support for its potential value as a research tool and candidate biomarker for psychosis. Because postmortem studies have found normal counts of SN dopamine neurons in psychotic patients (24, 29) together with abnormal markers of dopamine function in these neurons (24, 50, 51) (but see ref. 52 ), increased NM-MRI signal in more severely psychotic individuals likely reflects psychosisrelated alterations in dopamine function. This interpretation is also consistent with PET research in psychosis, which has reliably identified robust increases in dopamine tone in presynaptic dopamine neurons projecting to the striatum, and in particular in nigrostriatal neurons projecting to the dorsal associative striatum (23, 33) . This phenotype has been identified in patients with psychotic disorders-including schizophrenia and bipolar disorder-in proportion to the severity of their psychotic symptoms (41, 53) . This dopamine phenotype has also been reported in individuals at high risk for psychosis, particularly in those who go on to develop a psychotic disorder (39, 40) . Our work suggests that this psychosis-related phenotype consisting of nigrostriatal dopamine excess results in an increase in NM accumulation in the SN that can be captured with NM-MRI. Specifically, we found a (mostly) ventral SN subregion where NM-MRI CNR is increased in proportion to severity of psychosis in schizophrenia and to severity of attenuated psychosis in CHR individuals. This mostly ventral subregion of SN (at least as defined in patients with schizophrenia alone) exhibited a relationship to dopamine function in the dorsal associative striatum, consistent with the dense projections of the ventral SN tier to this striatal region (23) . Perhaps surprisingly, exploratory analyses failed to detect group differences in NM-MRI CNR between CHR individuals, patients with schizophrenia, and healthy individuals (SI Appendix). Consistent with other evidence that dopamine dysfunction is more closely related to psychosis than to schizophrenia (41, 53) , our data thus support that NM-MRI captures a psychosisrelated (but not necessarily diagnosis-specific) dysfunction in the nigrostriatal dopamine pathway, with this phenotype emerging before the development of full-blown schizophrenia. In contrast, some previous studies found a significant increase in NM-MRI CNR in individuals with schizophrenia (20, 21) (but see refs. 54 and 55) but failed to observe a significant relationship between NM-MRI signal and severity of psychotic symptoms (20, 55) . This inconsistency may be explained by the inclusion of patients treated with antidopaminergic medication in these studies. Inclusion of medicated patients is likely to mask dopaminergic correlates of psychotic symptoms, perhaps by exposing treatment-refractory patients in whom nondopaminergic alterations may predominate (56) or perhaps via direct effects of antipsychotic medication on NM accumulation, as some antipsychotics may accumulate in NM organelles (57) and exhibit a dose-dependent relationship with NM-MRI signals (21) . Altogether, our findings further underscore the promise of NM-MRI as a clinically useful biomarker for nonneurodegenerative conditions associated with dopamine dysfunction. It has the obvious advantages of being practical (inexpensive and noninvasive), particularly for pediatric and longitudinal imaging, and of providing high anatomical resolution compared with standard molecular imaging methods, which allows it to resolve functionally distinct SN tiers with different pathophysiological roles (22) (23) (24) (25) (26) . The presumed ability of NM-MRI to index long-term dopamine function, given the slow accumulation of NM in the SN over the lifespan (7, 17) , and the high reproducibility of this technique (30) suggest that NM-MRI may be a stable marker insensitive to acute states (e.g., recent sleep loss or substance consumption). This is a particularly appealing characteristic for a candidate biomarker and one that could complement other markers such as PET-derived measures, which, in contrast, may better reflect state-dependent dopamine levels (53) . In this light, the lack of significant differences between schizophrenia or CHR and health, together with the observed correlation with severity of psychosis, could suggest that NM-MRI better captures a longer-term propensity for psychosis (compared with more acute psychosis-related states captured by PET measures of dopamine function). Regardless of this, a dimensional marker of psychosis-related dopamine dysfunction may be extremely helpful as a risk biomarker of psychosis. Such a biomarker could further help select a subset of at-risk individuals who, more so than CHR individuals as a whole (58, 59) , may benefit from antidopaminergic medication, thus augmenting current risk-prediction algorithms based solely on nonbiological measures (60) . Further work is also needed to unveil the full potential of NM-MRI, including applications related to other dopamine-related conditions such as addiction, attention-deficit/hyperactivity disorder, and bipolar disorder, and to other catecholamines, particularly norepinephrine. NMmetal complexes also accumulate from oxidation of norepinephrine in the locus coeruleus (7, 61) , a nucleus relevant to stress and anxiety disorders (62, 63) as well as to PD and Alzheimer's disease (64) . Our findings supporting NM-MRI signal in the SN as a measure of dopamine function hint at the notion that NM-MRI signal in the locus coeruleus could be a measure of norepinephrine function, but despite some indirect support for this notion (62, 63, 65, 66) , further work is needed to directly confirm this.
There are some limits to the potential applications of NM-MRI. As implied above, NM-MRI measures may be ideally avoided in (chronically) medicated patients until antipsychotic effects on NM are better understood. Similar to other neuroimaging measures, our data show that the NM-MRI signal is sensitive but not fully specific to NM concentration. Other tissue properties, including proton density, may impact the signal. Thus, caution in interpreting all changes in NM-MRI signal as changes in NM concentration is warranted, especially in regions with low NM concentration. Future work should further refine methods of acquisition and analysis of NM-MRI data, including methods for correction of motion artifacts known to be problematic for other MRI modalities (67) . In correlating resting CBF to NM-MRI signal, we took SN CBF to reflect (trait-like) dopamine-neuron activity, despite the lack of direct evidence supporting this, because CBF measures neural activity (34) (35) (36) (37) and the vast majority of human SN neurons are dopaminergic (68) . In exploratory analyses, we observed significant correlations of NM-MRI signal to dopamine-release capacity in all striatal subregions except the motor striatum (SI Appendix, Table  S4 ). While a failure to detect this correlation in exploratory analyses may not be particularly informative or surprising [given, in part, the constrained range of signal in motor subregions that would be expected in our sample (33) and the differential sources of noise affecting these subregions, including the variable coverage of dorsal SN (SI Appendix), which could disproportionately affect motor projections (69)], we cannot conclude that the relationship between NM-MRI signal and dopamine function generalizes to all midbrain dopamine pathways based on the current study alone. Finally, our finding of a relationship between NM-MRI signal and dopamine-release capacity relied on pooling data from individuals with schizophrenia and healthy individuals to widen the signal range. Although we found no evidence for differences in this relationship by group, future studies confined to healthy individuals would be advisable to confirm this relationship in health.
Here, we have presented evidence supporting the use of the NM-MRI signal as a proxy for function of SN dopamine neurons. We have also presented initial evidence supporting the use of NM-MRI to capture the dopamine dysfunction linked to psychosis. Future work should aim to expand these findings to promote development of this candidate biomarker for psychosis risk and treatment selection. Moreover, if our findings are confirmed in diverse populations, this easy-to-acquire and noninvasive MRI technique may have broad applications to investigate neurodevelopment and normative neurocognitive processes throughout the lifespan.
Methods
This study was approved by the Institutional Review Boards of the New York State Psychiatric Institute (NYSPI) and Columbia University. All participants provided written informed consent.
NM-MRI Acquisition. Magnetic resonance (MR) images were acquired for all study participants on a GE Healthcare 3T MR750 scanner using a 32-channel, phased-array Nova head coil. For logistical reasons, a few scans (17% of all scans, 24 out of a total of 139) were acquired using an 8-channel Invivo head coil instead. During piloting, we compared various NM-MRI sequences and achieved optimal CNR (see below for calculation) in the SN using a 2D gradient response echo sequence with magnetization transfer contrast (2D GRE-MT) (70) with the following parameters: repetition time (TR) = 260 ms; echo time (TE) = 2.68 ms; flip angle = 40°; in-plane resolution = 0.39 × 0.39 mm 2 ; partial brain coverage with field of view (FoV) = 162 × 200; matrix = 416 × 512; number of slices = 10; slice thickness = 3 mm; slice gap = 0 mm; magnetization transfer frequency offset = 1,200 Hz; number of excitations (NEX) = 8; acquisition time = 8.04 min. The slice-prescription protocol consisted of orienting the image stack along the anterior-commissure-posteriorcommissure line and placing the top slice 3 mm below the floor of the third ventricle, viewed on a sagittal plane in the middle of the brain. This protocol provided coverage of SN-containing portions of the midbrain (and cortical and subcortical structures surrounding the brainstem) with high in-plane spatial resolution using a short scan easy to tolerate by clinical populations. Wholebrain, high-resolution structural MRI scans were also acquired for preprocessing of the 2D GRE-MT (NM-MRI) data: a T1-weighted 3D BRAVO sequence (inversion time = 450 ms, TR ∼ 7.85 ms, TE ∼ 3.10 ms, flip angle = 12°, FoV = 240 × 240, matrix = 300 × 300, number of slices = 220, isotropic voxel size = 0.8 mm 3 ) and a T2-weighted CUBE sequence (TR = 2.50 ms, TE ∼ 0.98 ms, echo train length = 120, FoV = 256 × 256, number of slices = 1, isotropic voxel size = 0.8 mm 3 ). Quality of NM-MRI images was visually inspected for artifacts immediately upon acquisition, and scans were repeated when necessary, time permitting. Ten participants were excluded due to clearly visible, smearing or banding artifacts affecting the midbrain (due to participant motion, n = 4), or incorrect image-stack placement (n = 6).
NM-MRI Preprocessing. NM-MRI scans were preprocessed using SPM12 to allow for voxelwise analyses in standardized MNI space. In the first step, NM-MRI scans and T2-weighted scans were coregistered to T1-weighted scans. Tissue segmentation was performed using T1-and T2-weighted scans as separate channels (segmentation was performed based solely on the T1weighted scan for 15 psychosis controls, 1 PD patient, and 2 schizophrenia patients missing T2-weighted scans). Scans from all study participants were normalized into MNI space using DARTEL routines (71) with a gray-and white-matter template generated from an initial sample of 40 individuals (20 schizophrenia patients and 20 controls). The resampled voxel size of unsmoothed, normalized NM-MRI scans was 1 mm, isotropic. All images were visually inspected after each preprocessing step. See Fig. 2C and SI Appendix, Fig. S1 for quality checks of spatial normalization. Intensity normalization and spatial smoothing were then performed using custom Matlab scripts. CNR for each subject and voxel v was calculated as the relative change in NM-MRI signal intensity I from a reference region RR of whitematter tracts known to have minimal NM content, the crus cerebri, as:
A template mask of the reference region in MNI space (Fig. 2B) was created by manual tracing on a template NM-MRI image (an average of normalized NM-MRI scans from the initial sample of 40 individuals, see Fig. 2A ). The modeðI RR Þ was calculated for each participant from kernel-smoothing-function fit of a histogram of all voxels in the mask. We employed the mode rather than mean or median because we found it was more robust to outlier voxels (e.g., due to edge artifacts), alleviating any need for further modification of the reference-region mask. Images were then spatially smoothed with a 1-mm full-width-at-halfmaximum Gaussian kernel. Finally, an overinclusive mask of SN voxels was created by manual tracing on the template NM-MRI image. The mask was subsequently reduced by eliminating edge voxels with extreme values: voxels showing extreme relative values for a given participant (beyond the first or the 99th percentile of the CNR distribution across SN voxels in more than two subjects) or voxels showing consistently low signal across participants (CNR less than 5% in more than 90% of subjects). These procedures removed 9% of the voxels in the manually traced mask, leaving a final template SN mask containing 1,807 resampled voxels (Fig. 2B) .
NM-MRI Analysis. All analyses were carried out in Matlab (Mathworks) using custom scripts. In general, robust linear regression analyses were performed across subjects for every voxel v within the SN mask, as:
The measure of interest consisted of either imaging (e.g., dopamine-release capacity) or clinical (e.g., psychosis severity) data, depending on the analysis. Nuisance covariates, including diagnosis, head coil, and age, varied for different analyses; while all analyses included an age covariate, head coil and diagnosis covariates were only included in analyses where these variables differed across subjects. Robust linear regression was used to minimize the need for regression diagnostics in the context of mass-univariate, voxelwise analyses. A partial (nonparametric) Spearman correlation was used instead of linear regression if variables were not normally distributed according to a Lilliefors test at P < 0.05 (which was the case for dopamine-release capacity). Voxelwise analyses were carried out within the template SN mask after censoring subject data points with missing values (due to incomplete coverage of the dorsal SN in a minority of subjects resulting from interindividual variability in anatomy) or extreme values [values more extreme than the first or the 99th percentile of the CNR distribution across all SN voxels and subjects (CNR values below −9% or above 40%, respectively)]. For all voxelwise analyses, the spatial extent of an effect was defined as the number of voxels k (adjacent or nonadjacent) exhibiting a significant relationship between the measure of interest and CNR (voxel-level height threshold for t test of regression coefficient β 1 of P < 0.05, one-sided ½β * 1 ). Hypothesis testing was based on a permutation test in which the measure of interest was randomly shuffled with respect to CNR. This test corrected for multiple comparisons by determining whether an effect's spatial extent k was greater than would be expected by chance [P corrected < 0.05; 10,000 permutations; equivalent to a cluster-level familywise error-corrected P value, although in this case, voxels were not required to form a cluster of adjacent voxels, given the small size of the SN and evidence that SN tiers defined by specific projection sites do not necessarily comprise anatomically clustered neurons (23)]. On each iteration, the order of the values of a variable of interest (e.g., dopamine-release capacity) was randomly permuted across subjects (and maintained for the analysis of every voxel within the SN mask for a given iteration of the permutation test, accounting for spatial dependencies). This provided a measure of spatial extent for each of 10,000 permuted datasets, forming a null distribution against which to calculate the probability of observing the spatial extent k of the effect in the true data by chance (P corrected ). For hypothesis testing related to conjunction effects (e.g., overlap of psychosis effects in the two clinical groups), permutation analyses determined if the extent k of overlap for both effects ðβ * 1 effect1 ∩β * 1 effect2 Þ was greater than would be expected by chance (P < 0.05; 10,000 permutations) based on a null distribution counting the overlap of significant voxels after the location of true significant voxels for each effect was randomly shuffled within the SN mask. Topographical analyses. Multiple-linear regression analysis across SN voxels was used to predict the strength of an effect (or the presence of a significant conjunction effect) as a function of MNI voxel coordinates in the x (absolute distance from the midline), y, and z directions. ROI analyses. ROI analyses examining mean NM-MRI signal across voxels in the whole SN mask included the same covariates as used in the respective voxelwise analyses plus an additional dummy covariate indexing subjects with incomplete coverage of dorsal SN, as a dorsal-ventral gradient of signal intensity in SN biased mean CNR values in these subjects. This "incomplete SN coverage" covariate was not necessary for analyses on NM-MRI signal extracted from "dopamine" voxels or "psychosis-overlap" voxels as these confined sets of voxels had a relatively small contribution from dorsal SN. Partial correlation coefficients from analyses including mean NM-MRI signal (from the whole SN ROI or from sets of voxels identified via voxelwise analysis) were reported, together with their 95% CIs, calculated using bootstrapping.
Postmortem Experiment. Postmortem specimens of human midbrain tissue were obtained from The New York Brain Bank at Columbia University. Seven specimens were obtained, each from an individual who suffered from Alzheimer's disease or other non-PD dementia at the time of death (ages 44-90 y; for further clinical and demographic information, see SI Appendix, Table S1 ). Specimens were ∼3-mm-thick slices of fresh frozen tissue from the rostral hemimidbrain containing pigmented SN. These specimens were scanned using the NM-MRI protocol similar to the one used in vivo, after which they were dissected for analyses of NM tissue concentration (SI Appendix). The dish containing the specimen included a grid insert, used to keep dissections in register with MR images. Neurochemical measurement of NM concentration in postmortem tissue. Samples deriving from each grid section were carefully homogenized with titanium tools. NM concentration of each grid section was then measured according to our previously described spectrophotometry method (17), with minor modifications to improve the removal of interfering tissue components from midbrain regions with higher content of fibers and fewer NM-containing neurons compared with sections of SN proper dissected along anatomical boundaries. Additional tests confirmed that our methods for Fomblin cleaning were effective and that neither this substance nor the methylene blue dye was likely to influence spectrophotometric measurements of NM (SI Appendix). Data from 2% of grid sections (2 out of 118) could not be used due to technical problems with dissection, handling, or measurement. MRI measurement of NM signal in postmortem tissue. NM-MRI signal was measured in corresponding grid sections using a custom Matlab script. Processing of NM-MRI images included automated removal of voxels showing edge artifacts and signal dropout (SI Appendix), averaging over slices to create a 2D image, and registration with a grid of dimensions matching the grid insert. The grid registration was adjusted manually based on the well markers and grid-shaped edge artifacts present in the superior-most slice where the grid insert rested. Signal in the remaining voxels was averaged within each grid section. To normalize signal intensity across specimens, CNR for each grid section was calculated as in the in vivo voxelwise analyses (see NM-MRI Preprocessing). The reference region for each specimen was defined by the three grid sections that best matched the location of the crus cerebri reference region used for in vivo scanning. Statistical analysis of postmortem data. A generalized linear mixed-effects model including data across all grid sections g and specimens s was used to predict NM tissue concentration in each grid section based on mean NM-MRI CNR in the same grid section (see SI Appendix for details).
PET Imaging Study. Eighteen subjects without neurodegenerative illness (nine healthy controls, nine unmedicated schizophrenia patients) underwent PET scanning using the radiotracer [ 11 C]raclopride and an amphetamine challenge to quantify dopamine-release capacity (see SI Appendix for further details). All of these subjects also participated in the psychosis study and are described in the corresponding section below. A baseline (preamphetamine) PET scan was conducted on one day, and a postamphetamine PET scan was acquired the next day [see Weinstein et al. (72) for detailed methods], 5-7 h after administration of dextroamphetamine (0.5 mg/kg, PO). SI Appendix, Table S3 shows PET scan parameters and characteristics of participants in the PET study. For each PET scan, list-mode data were acquired on a Biograph mCT PET-CT scanner (Siemens/CTI) over 60 min following a single-bolus injection of [ 11 C]raclopride, binned into a sequence of frames of increasing duration and reconstructed by filtered back projection using manufacturerprovided software. PET data were motion-corrected and registered to the individuals' T1-weighted MRI scan (see NM-MRI Acquisition and NM-MRI Preprocessing) using SPM2. ROIs were drawn on each subject's T1weighted MRI scan and transferred to the coregistered PET data. Timeactivity curves were formed as the mean activity in each ROI in each frame. In line with our hypothesis, our a priori ROI was the associative striatum, defined as the entire caudate nucleus and the precommissural putamen (33, 73) , a part of the dorsal striatum that receives nigrostriatal axonal projections from SN neurons (22, 23) and that has been consistently implicated in psychosis (23) . Data were analyzed using the simplified reference-tissue model (74, 75) with cerebellum as a reference tissue to determine the binding potential relative to the nondisplaceable compartment (BP ND ). The primary outcome measure was the relative reduction in BP ND (ΔBP ND ), reflecting amphetamine-induced dopamine release, a measure of dopamine-release capacity. Amphetamine induces synaptic release of dopamine derived from both cytosolic and vesicular stores (31) . This results in excessive competition with the radiotracer at the D2 receptor, and, simultaneously, agonist-induced D2receptor internalization, both of which cause radiotracer displacement and lower BP ND (23, (76) (77) (78) . ΔBP ND thus combines both effects and reflects the magnitude of dopamine stores. Since these stores depend on dopamine synthesis, the dopamine-release capacity PET measure is relevant to dopamine function. It is also relevant to NM given that NM accumulation can be driven by cytosolic dopamine (or by vesicular dopamine once it is transported into the cytosol) (6, 10, 19) .
ASL Perfusion Imaging Study. Thirty-one subjects without neurodegenerative illness [12 healthy controls; 19 schizophrenia patients; 74% male (23/31); mean age, 32 y] underwent ASL-fMRI scanning at rest to quantify regional CBF. All of these subjects also participated in the psychosis study. Threedimensional pseudocontinuous ASL perfusion imaging was performed using a 3D background suppressed fast spin-echo stack-of-spiral readout module with eight in-plane spiral interleaves (TR = 4,463 ms; TE = 10.2 ms; labeling duration = 1,500 ms; postlabeling delay = 2,500 ms; no flow-crushing gradients; FoV = 240 × 240; NEX = 3; slice thickness = 4 mm) and an echo train length of 23 to obtain 23 consecutive axial slices. A labeling plane of 10-mm thickness was placed 20 mm inferior to the lower edge of the cerebellum. Total scan time was 259 s. The ASL perfusion data were analyzed to create CBF images using Functool software (version 9.4; GE Medical Systems). CBF was calculated as in prior work (79) (SI Appendix). For preprocessing, CBF images were coregistered to ASL-localizer images, which were then coregistered to T1 images, with the coregistration parameters applied to CBF images. CBF images were then normalized into MNI space using the same procedures described above for NM-MRI scans. Mean CBF was calculated within the whole SN mask and within the mask of SN voxels significantly related to dopamine-release capacity in the associative striatum. ROI-based partial correlation analyses tested the relationship between mean CBF and mean NM-MRI CNR in the same mask, controlling for age and diagnosis.
Psychosis Study. Thirty-three unmedicated patients with schizophrenia and 25 individuals at CHR for psychosis participated in the study. We also included healthy controls for exploratory comparison purposes: one group (n = 30) age-matched to the schizophrenia group and another (n = 15) age-matched to the CHR group. See SI Appendix, Supplementary Information Text and Table S5 for demographic and clinical information for all relevant groups.
Data Availability Statement. Raw data for this manuscript and Matlab scripts will be available upon request.
